The Pt hillock in a Pt/Ti electrode stack has been the main concern in ferroelectric random access memory due to the reliability problem. The origin of the hillock formation is the compressive stress, and the main mass transport mechanism for hillock formation is the grain boundary diffusion for thin films with a columnar structure. However, the hillock growth orientation and mechanism have not been reported. In this study, we found that an orientation relationship of Pt(100) hillock //Pt(111) thin film existed between the Pt hillock and the thin film. The Pt hillock was a single crystal having facets with polyatomic steps. From these results, we suggest that the Pt hillock growth mechanism is the layer growth of flat faces, which shapes the hillock into a tetrahedron single crystal. In addition, Pt is chemically stable in a high processing temperature, which is necessary for crystallizing the ferroelectric oxide film. However, the adhesion of Pt to substrates such as silicon oxide (SiO x ) is poor.
The Pt hillock in a Pt/Ti electrode stack has been the main concern in ferroelectric random access memory due to the reliability problem. The origin of the hillock formation is the compressive stress, and the main mass transport mechanism for hillock formation is the grain boundary diffusion for thin films with a columnar structure. However, the hillock growth orientation and mechanism have not been reported. In this study, we found that an orientation relationship of Pt(100) hillock //Pt(111) thin film existed between the Pt hillock and the thin film. The Pt hillock was a single crystal having facets with polyatomic steps. From these results, we suggest that the Pt hillock growth mechanism is the layer growth of flat faces, which shapes the hillock into a tetrahedron single crystal. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1610809͔ Ferroelectric SrBi 2 Ta 2 O 9 ͑SBT͒ thin films have many advantages when compared to Pb (Zr x Ti 1Ϫx )O 3 ͑PZT͒ thin films, such as being fatigue free, having a low leakage current, and having stable imprint characteristics for the application of ferroelectric random access memory ͑FeRAM͒.
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In addition, Pt is chemically stable in a high processing temperature, which is necessary for crystallizing the ferroelectric oxide film. However, the adhesion of Pt to substrates such as silicon oxide (SiO x ) is poor. 3 Therefore, a Ti glue layer has, typically, been employed.
The Pt/Ti electrode stack deposited by a sputtering method is likely to have a major instability problem in Pt hillock formation, which is reportedly the main cause of capacitor shorts. 4, 5 The compressive stress generated in thin film is widely accepted as being responsible for the occurrence of hillocks in metallic thin film. 6, 7 In the case of the Pt/Ti electrode stack, the Pt hillock formation is, reportedly, strongly dependent on the magnitude of the extrinsic compressive stress, which is generated by Ti diffusion into the Pt layer followed by oxidation in the Pt grain boundary during electrode annealing. 5 Accordingly, the Pt/TiO x electrode stack, which was substituted for a Ti glue layer, kept the Pt film surface flat, even when annealed at 650°C for 30 min in air atmosphere. 5 The main mass transport mechanism for the growth of the hillock on thin film with a columnar structure is the grain boundary diffusion. 8, 9 Although the orientation relationship between the Pt hillock and Pt thin film has not been reported up to now because of the small hillock and the general lack of concern, it may be a critical clue for understanding the hillock growth mechanism. In this study, we found the orientation relationship between the Pt hillock and the thin film to be Pt(100) hillock //Pt(111) thin film , and we made a suggestion on the hillock growth mechanism.
Both Pt and Ti films were sputter deposited on a ͗100͘-oriented 8 in. silicon substrate, passivated with a thermally grown SiO x layer of 1000 Å thickness. The respective thicknesses of Pt and Ti were 2000 Å ͑sputtering rate 40 Å/s͒ and 200 Å ͑sputtering rate 10 Å/s͒. The details for the fabrication of the Pt/Ti electrode stack can be found in the literature. 4, 5 In this study, the Pt/Ti electrode stack was employed to promote Pt hillock formation during high-temperature annealing. The electrode stacks were annealed in the diffusion furnace from room temperature to 650°C in air atmosphere.
Scanning electron microscopy ͑SEM͒ and in situ hightemperature x-ray diffraction ͑XRD͒ were used to analyze Pt hillock formation at various annealing temperatures. To make clear the orientation relationship between the Pt hillock and the thin film, cross-sectional images of high-resolution transmission electron microscopy ͑HRTEM͒ were captured by a Philips F-20 at 200 kV. Figure 1 shows the Pt hillocks formed on a Pt/Ti stack as a function of annealing temperature. Most of the hillocks appear to be nanosized tetrahedrons. Technically, the shape of the hillock is a critical problem because of its large contribution to the shorting capacitors of ultrathin ferroelectric films. The angle between the basal plane and the facet of the tetrahedron was observed at about 55°, as shown in Fig. 1͑d͒ . Since the interplanar angle in cubic crystals between the ͕100͖ and ͕111͖ planes is 54.7°, we easily inferred that the facet of the tetrahedron-shaped Pt hillock was the ͑111͒ plane for the surface energy minimum. This phenomenon means that the basal plane and the stacked plane should be ͑100͒ plane.
The XRD profiles of the Pt/Ti electrode stack annealed at 650°C, as shown in Fig. 2͑a͒ , reveal a new Pt͑200͒ peak, which was absent in the as-deposited Pt/Ti electrode stack. The Pt thin film electrode had a ͗111͘ preferred orientation, confirming that the Pt͑200͒ peak originates from the stacked plane of a tetrahedron-shaped Pt hillock, which is assumed to a͒ Electronic mail: sikchoi50@kaist.ac.kr APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 11 15 SEPTEMBER 2003 be the Pt͑100͒ plane, as mentioned above. The in situ hightemperature XRD measurement, as shown in Fig. 2͑b͒ , reveals that the Pt͑200͒ peak increases as a function of the annealing temperature and the Pt hillock size also increases as a function of the annealing temperature, as shown in Fig.  1 . Therefore, we can exclude the possibility of the Pt͑200͒ peak, as shown in Fig. 2͑a͒ , arising from the recrystallized grain or the grain growth of the Pt thin film during electrode annealing. It was clear from Auger electron spectroscopy ͑AES͒ point analysis with a beam size of 50 nm that only Pt was detected on both the hillocks and the top of the ͑111͒ Pt layer. 10 The Pt hillock clearly has a ͗100͘ orientation against the ͗111͘ preferred orientation of the Pt thin film, as shown in Figs. 2͑a͒ and 2͑b͒. Fig. 3͑b͒ shows that the Pt hillock has a ͗100͘ orientation and ͕111͖ facets that are inclined at 54.7°to the ͕100͖ planes to minimize surface energy. Figure 4͑a͒ shows a typical tetrahedron-shaped Pt hillock observed in a Pt/Ti stack annealed at 650°C in air atmosphere. Since the average diameter of the Pt fiber is about 50 nm, measured by a SEM plane-view image, as shown in Fig.  4͑a͒ , the interface area of the hillock is much larger than the cross-sectional area of the Pt fiber. In the Pt/Ti electrode stack, the Pt hillock formation is due to the relaxation process of the compressive stress in the film; the Pt atoms move to the film surface from the interior along the grain boundary. Therefore, at the initial state of the Pt hillock, the mass for its growth is supplied by grain boundary diffusion. 8, 9 However, for the large hillock shown in Fig. 4͑a͒ , the movement of the Pt atoms along the grain boundaries underneath the hillock cannot directly contribute to the hillock growth because the interface between the hillock and the film blocks the diffusion of Pt atoms toward the facets of hillock.
We can clearly find the polyatomic steps on the facets of the large Pt hillock, as shown in Fig. 4͑a͒ ; and the behavior of the Pt ͑200͒ peak in Fig. 2͑b͒ shows that the Pt hillocks grow with a ͗100͘ orientation as a function of annealing temperature. These results have led to our suggestion on the growth mechanism of the large hillock, as seen in Figs.  1͑b͒-1͑d͒ ; the large hillock is the layer growth of flat faces represented in Fig. 4͑b͒ . 11 Previously, we reported the stress change in the Pt/Ti electrode stack during the thermal cycling. 4, 5 Above 500°C, the Pt layer was in a large compressive stress of about 9ϫ10 9 dyn/cm 2 . This stress resulted from the Ti diffusion into Pt layer and its oxidation (TiO x ) in the Pt grain boundary. However, Ti atoms did not diffuse out to the ͑111͒ Pt surface. Below 500°C, such a large compressive stress did not form due to less Ti diffusion into the Pt layer. The diffusion of Pt atoms along the grain boundary occurred actively toward the film surface to relax the strong compressive stress. 12 The Pt atoms on the film surface, which was diffused out from the interior, departed toward the hillock along the film surface and afterwards accumulated just around the hillock. Accordingly, a gradient of the diffusedout Pt atoms exists between the steps of facets in the hillock, as illustrated in Fig. 4͑b͒ . Due to this gradient, more Pt atoms have a chance of jumping up to the upper layer along the ͕111͖ facets; they subsequently form a new upper layer until the concentration gradient vanishes.
In summary, we investigated the Pt hillock formation on a Pt/Ti electrode stack for the FeRAM. We found that the Pt hillock was a single crystal with an orientation relationship of Pt(100) hillock //Pt(111) thin film between the Pt hillock and the thin film. We also propose that the Pt hillock grows as a result of the layer growth of flat faces, which shape the hillock into a tetrahedron single crystal. 
